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set the cuts appropriately. This has resulted in a more accurate (and more sensitive) analysis above 10 TeV. Below
about 1 TeV, for a number of reasons, the sensitivity is somewhat worse than predicted in the original study. The
background is larger than the original simulation-only prediction. Furthermore, in the current analysis we employ a
relatively high cut (defined by B = 1) so that improperly modeled noise can be neglected.
Figure 15. The quasi-diﬀerential sensitivity of HAWC as a function of photon energy, compared to existing IACTS (Park
2016; Holler et al. 2016; Aleksic´ et al. 2016) and Large Area Telescope on the Fermi Gamma-Ray Space Telescope b. We show
the flux, assuming a source with a diﬀerential energy spectrum E−2.63, required to produce a 5σ detection 50% of the time.
This flux is shown in light red for each of the 9 B bins, with a width in energy corresponding to the central 68% containment
energies in each bin. These values are adjusted to find the equivalent quarter-decade-separated flux sensitivities, and a fit to
these values is shown in dark red. The 507-day observation of HAWC corresponds to ∼3000 hours of a source at a declination
of 22◦ within HAWC’s field-of-view. HAWC’s one-year sensitivity surpasses a 50-hour observation by current-generation IACTs
at ∼ 10 TeV.
aPass 8 Sensitivity: https://www.slac.stanford.edu/exp/glast/groups/canda/lat Performance.htm
bPass 8 Sensitivity: https://www.slac.stanford.edu/exp/glast/groups/canda/lat Performance.htm
5.3. Anticipated Improvements
The main limitation of this analysis is the reliance on the number of PMTs, used for the definition of B, to simul-
taneously constrain the energy of photons, the angular resolution, and photon/hadron eﬃciency. Figure 3 shows that
this is a poor energy estimation with each bin B spanning roughly an order of magnitude of energy. More critically, an
overhead ∼10 TeV photon can trigger nearly every PMT in HAWC if the core lands near the center of the detector.
Consequently B = 9 is an overflow bin of everything above 10 TeV. These limitations can be removed with an event
parameter that accounts for the light level in the event and the specific geometry and inclination angle of events.
Approaches like this are under development. The planned deployment of a sparse “outrigger” array should further
increase the sensitivity to photons above 10 TeV (Sandoval 2016).
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Fig. 3.— Sky map, in Galactic coordinates and Hammer-Aitoﬀ projection, showing the objects in the 3FHL
catalog classified by their most likely source classes.
24
5
GeV - TeV Sky Survey
Fermi-LAT count map 10 GeV — 2 TeV with >1500 objects in 84 months of data.
Ajello et al. ApJS 2017
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• HAWC TeV skymap in 17 months of data
• 39 2HWC sources: 2 blazars, 5 UID off the Galactic plane.
TeV Sky Survey
Abeysekara et al. ApJ 2017
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The 3FHL Sky: Count Map
1,556 sources at E>10 GeV in 84 months of Fermi-LAT data (~700,000 photons)
3FHL
Adaptively smoothed
Ajello et al. (2017), accepted by ApJS
7
Fermi LAT 0.1 — 2 TeV, 7 years 
HESS >1TeV, 10 years
HAWC 0.1—100 TeV, 1.5 year
Gamma-ray view of our Galaxy
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Galactic Planewithin this area (known extragalactic excluded):
• 150 3FGL sources 
• 56 3FHL sources
• 30 sources in the Galactic Plane (excluding Crab, Geminga, PSR B0656+14)
• 16 likely associated with known TeV sources
• 14 unassociated Abeysekara et al. ApJ 2017
Talk by R. López-Coto. Mon, 16 Oct
c. michelle hui synergy between fermi, iacts, and hawc
HESS, ICRC 2015
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c. michelle hui synergy between fermi, iacts, and hawc
HESS, ICRC 2015
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Galactic Plane
Follow-up of HAWC sources
11
Unidentified HAWC sources
• The 2nd HAWC catalogue (2017) contains 39 detected TeV sources. 
• 19 of them have no association with any known VHE source
HAWC source Tobs [h]
2HWC J2006+341 61
2HWC J1907+084 4
2HWC J1852+013 120
• Re-analysis of these MAGIC observations looking for point-like emission (0.10º) 
or slightly extended (0.16º) 
 No signal found
MAGIC archive data
• Some of these 19 Unid. sources were in the FoV (<1.5º) of former MAGIC 
observations:
Preliminary
MAGIC, ICRC 2017
c. michelle hui synergy between fermi, iacts, and hawc
HESS, ICRC 2015
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Follow-up of HAWC sources
11
Unidentified HAWC sources
• The 2nd HAWC catalogue (2017) contains 39 detected TeV sources. 
• 19 of them have no association with any known VHE source
HAWC source Tobs [h]
2HWC J2006+341 61
2HWC J1907+084 4
2HWC J1852+013 120
• Re-analysis of these MAGIC observations looking for point-like emission (0.10º) 
or slightly extended (0.16º) 
 No signal found
MAGIC archive data
• Some of these 19 Unid. sources were in the FoV (<1.5º) of former MAGIC 
observations:
Preliminary
MAGIC, ICRC 2017
Ralph Bird
Whole Region - VERITAS (Extended)
6
VERITAS ICRC 2017
c. michelle hui synergy between fermi, iacts, and hawc
320◦340◦0◦20◦40◦
−12◦
−6◦
+0◦
+6◦
+12◦
G
a
l a
c t
i c
L
a
t i
t u
d
e 3FH
L
J1
91
1.
0+
09
05
3F
H
L
J1
90
7.
0+
07
13
3F
H
L
J1
85
5.
3+
07
51
3F
H
L
J1
85
7.
7+
02
46
e
3F
H
L
J1
85
5.
5+
01
42
3F
H
L
J1
84
9.
4-
00
56
3F
H
L
J1
84
0.
9-
05
32
e
3F
H
L
J1
83
9.
4-
05
53
3F
H
L
J1
83
8.
9-
05
37
3F
H
L
J1
83
6.
5-
06
51
e
3F
H
L
J1
83
4.
1-
07
06
e
3F
H
L
J1
82
4.
3-
06
21
3F
H
L
J1
82
3.
3-
13
39
3F
H
L
J1
81
3.
4-
12
45
3F
H
L
J1
80
4.
7-
21
44
e
3F
H
L
J1
80
3.
1-
21
48
3F
H
L
J1
75
3.
8-
25
37
3F
H
L
J1
74
8.
0-
24
46
3F
H
L
J1
74
4.
5-
26
09
3F
H
L
J1
74
1.
8-
25
36
3F
H
L
J1
74
7.
2-
28
22
3F
H
L
J1
74
6.
2-
28
52
3F
H
L
J1
74
5.
6-
29
00
3F
H
L
J1
73
1.
7-
30
03
3F
H
L
J1
73
2.
6-
31
31
3F
H
L
J1
71
8.
0-
37
26
3F
H
L
J1
71
4.
0-
38
11
3F
H
L
J1
71
4.
4-
38
29
3F
H
L
J1
70
3.
4-
41
45
3F
H
L
J1
64
1.
1-
46
19
3F
H
L
J1
64
0.
6-
46
33
3F
H
L
J1
63
6.
3-
47
31
e
3F
H
L
J1
63
3.
0-
47
46
e
3F
H
L
J1
63
1.
6-
47
56
e
3F
H
L
J1
62
6.
3-
49
15
3F
H
L
J1
62
0.
7-
49
28
3F
H
L
J1
60
3.
8-
49
03
3F
H
L
J1
61
6.
2-
50
54
e
3F
H
L
J1
55
3.
8-
53
25
e
3F
H
L
J1
53
4.
0-
52
31
3F
H
L
J1
42
7.
9-
60
54
3F
H
L
J1
44
3.
0-
62
27
e
3F
H
L
J1
50
7.
9-
62
28
e
3F
H
L
J1
45
9.
4-
60
52
3F
H
L
J1
50
9.
5-
58
51
3F
H
L
J1
51
4.
2-
59
09
e
3F
H
L
J1
52
4.
8-
59
04
3F
H
L
J1
60
0.
3-
58
11
3F
H
L
J1
55
2.
7-
56
11
e
3F
H
L
J1
61
5.
3-
51
46
e
3F
H
L
J1
61
9.
7-
50
59
3F
H
L
J1
63
9.
3-
51
45
3F
H
L
J1
65
0.
3-
50
45
3F
H
L
J1
62
2.
9-
50
04
3F
H
L
J1
65
5.
5-
47
37
e
3F
H
L
J1
65
2.
2-
46
33
e
3F
H
L
J1
65
7.
6-
46
56
3F
H
L
J1
64
8.
5-
46
10
3F
H
L
J1
70
9.
7-
44
29
3F
H
L
J1
73
3.
4-
39
42
3F
H
L
J1
71
3.
5-
39
45
e
3F
H
L
J1
74
5.
8-
30
28
e
3F
H
L
J1
74
7.
2-
29
59
3F
H
L
J1
74
8.
1-
29
03
3F
H
L
J1
74
8.
6-
28
16
3F
H
L
J1
80
1.
5-
24
50
3F
H
L
J1
80
0.
5-
23
43
e
3F
H
L
J1
80
0.
7-
23
57
3F
H
L
J1
80
9.
8-
23
32
3F
H
L
J1
80
1.
6-
23
27
3F
H
L
J1
81
1.
5-
19
27
3F
H
L
J1
83
0.
0-
15
18
3F
H
L
J1
82
6.
2-
14
51
3F
H
L
J1
82
4.
5-
13
51
e
3F
H
L
J1
82
6.
1-
12
56
3F
H
L
J1
83
3.
6-
10
34
3F
H
L
J1
83
4.
5-
08
46
e
3F
H
L
J1
83
8.
9-
07
04
e
3F
H
L
J1
85
7.
0+
00
59
3F
H
L
J1
85
5.
9+
01
21
e
3F
H
L
J1
91
1.
5+
03
10
3F
H
L
J1
90
7.
9+
06
02
60◦80◦100◦120◦
Galactic Longitude
−12◦
−6◦
+0◦
+6◦
+12◦
G
a
l a
c t
i c
L
a
t i
t u
d
e 3FH
L
J0
24
0.
5+
61
13
3F
H
L
J0
20
5.
5+
64
49
3F
H
L
J0
05
7.
9+
63
25
3F
H
L
J0
02
5.
5+
64
07
3F
H
L
J2
23
8.
4+
59
01
3F
H
L
J2
22
9.
0+
61
14
3F
H
L
J2
10
2.
3+
47
03
3F
H
L
J2
05
6.
7+
49
40
3F
H
L
J2
03
2.
2+
41
27
3F
H
L
J2
02
8.
6+
41
10
e
3F
H
L
J2
02
1.
5+
40
26
3F
H
L
J2
02
1.
0+
40
31
e
3F
H
L
J2
01
8.
5+
38
51
3F
H
L
J2
02
1.
1+
36
51
3F
H
L
J2
01
5.
9+
37
12
3F
H
L
J2
00
4.
2+
33
39
3F
H
L
J1
95
2.
8+
32
53
3F
H
L
J1
95
4.
3+
28
35
3F
H
L
J1
92
5.
3+
16
17
3F
H
L
J1
92
3.
2+
14
08
e
3F
H
L
J1
92
2.
8+
14
11
3F
H
L
J1
94
3.
9+
21
17
3F
H
L
J1
95
8.
1+
24
37
3F
H
L
J1
95
8.
6+
28
46
3F
H
L
J2
02
3.
3+
31
54
3F
H
L
J2
02
7.
0+
33
43
3F
H
L
J2
02
6.
7+
34
49
3F
H
L
J2
11
1.
4+
46
05
3F
H
L
J2
22
9.
4+
53
49
3F
H
L
J2
30
1.
9+
58
55
e
3F
H
L
J2
32
3.
4+
58
48
3F
H
L
J2
32
9.
7+
61
01
3F
H
L
J0
01
4.
9+
61
18
3F
H
L
J0
03
5.
9+
59
50
3F
H
L
J0
13
1.
1+
61
20
F
ig.
13.—
A
d
ap
tively
sm
o
oth
ed
cou
n
t
m
ap
sh
ow
in
g
th
e
w
h
ole
G
alactic
p
lan
e
0
◦
≤
l
≤
360
◦
at
G
alactic
latitu
d
es
−
14
◦
≤
b
≤
14
◦
d
iv
id
ed
in
fou
r
p
an
els.
T
h
e
p
an
els
are
cen
tered
at
l
=
0
◦,
90
◦,
180
◦
an
d
270
◦,
resp
ectively.
D
etected
p
oin
t
sou
rces
are
m
arked
w
ith
a
cross
w
h
ereas
ex
ten
d
ed
sou
rces
are
in
d
icated
w
ith
th
eir
ex
ten
sion
s.
O
n
ly
sou
rces
lo
cated
at
−
4
◦
≤
b
≤
4
◦
are
lab
elled
,
p
lu
s
th
e
C
rab
N
eb
u
la.
34
10
Galactic Plane
Ralph Bird
Whole Region - VERITAS (Extended)
6
VERITAS ICRC 2017
7
§ Detected	higher	flux	by	wide	
field	TeV	observatories
§ Extrapolation	of	the	HAWC	
spectrum	at	GeV	energies	
consistent	with	the	extension	
of	the	Fermi	Cocoon	spectrum	
§ ARGO	J2031+41	possible	
counterpart	of	Cocoon	at	TeV	
energies	[Bartoli,	B.,	et	al.	
2014,	ApJ,	790,	152]
§ Relation	between	TeV	sources	
and	GeV	emission	needs	
further	studies
Comparison	between	diff rent	observations
6
Cocoon	Region	 ith	FermiLAT data
Fig.	left:	Residual	count	map	of	the	Cocoon	region		(Fermi	Science	
tools,	pass	8	data,	clean)	with	5", 8"	&	11" contours	from	HAWC	
significance	map
Fig.	bottom	right:	Published	2	year	cocoon	spectrum	by	Fermi	and	
the	spectrum	obtained	with	Fermi	tools
Caveat:	Used	publicly	available	isotropic	and	diffuse	background.	For	
2011	paper,	a	specific	diffuse	emission	background	template	used	by	
Fermi
Green	HAWC	Contours	
2HWC	J2031+415
2HWC	J2020+403
photons/bin
residual of Cygnus region 
(cocoon), pass 8 data
HAWC, TeVPA 2017
c. michelle hui synergy between fermi, iacts, and hawc
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Galactic Plane
White contours: HAWC 5, 6, 7 standard deviations
Light pink contours: 1.4 GHz radio
VERITAS image (Nahee Park, ICRC 2017) NuSTAR 3-20 keV image (BKG-subtracted)
• 60 ksec of NuSTAR 
observations on June 8 2017.
• 3 sources detected: DA 495 is 
only likely X-ray counterpart to 
TeV source.
2HWC J1953+294 
confirmed by VERITAS.
c. michelle hui synergy between fermi, iacts, and hawc
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Galactic Plane
Rubén López-Coto - ICRC 2017 - 15/07/17
7
HAWC-HESS comparison
• Green: HESS 80% containment of 
SNR G054.1+00.3 (HESS J1930+188).

• Top: HAWC (~>10 TeV) with contours 
in black. Compatible with the PSF

• Bottom: HESS, Map above ~750 GeV 
using 0.2 deg integration radius

• HAWC contours in white

HESS, ICRC 2017
SNR G54.1+0.3 region
Two 2HWC sources 
– 2HWC J1930+188 & 2HWC J1928+177
7
White contours: HAWC 5, 6, 7 standard deviations
VERITAS image (Nahee Park, ICRC 2017) NuSTAR 3-20 keV image (BKG-subtracted)
PSR J1928+1746
(no detection)
Only X-ray source
detected
c. michelle hui synergy between fermi, iacts, and hawc 13
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Galactic Plane Source Distribution
Good candidates for follow-up by pointing instruments.
2HWC distribution
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Fig. 11.— Distribution of unassociated sources over the Galactic latitude, sin b. This distribution peaks at
|b| < 2◦ on top of an isotropic background of sources.
32
3FHL distribution peaks at |b|<2°
Source and sensitivity 
Galacti  latitud  d str bu ion
Caveat: these are observed distributions, 
not taking survey coverage and selection  
effects into account!
See H.E.S.S. PWN and SNR population studies. 
PWN – Klepser et al. GA03 ID=635  
SNR – Hahn et al. GA17 ID= 556
Christoph Deil, ICRC 2015, “H.E.S.S. Galactic plane survey” –– Slide 14
(ATNF subset)
(SNRcat subset)
(1FHL)
HGPS
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Galactic Plane at >50 TeV
1deg extended map at >50 TeV
prel
imin
ary
HAWC, TeVPA 2017
MGRO J2019+37 MGRO J1908+06 HESS J1843-033 HESS J1825-137
HESS J1808-204
22 Abeysekara et al.
Figure 14: Crab photon energy spectrum measured with HAWC and compared to other measurements using other
instruments (Holler et al. 2016; Aleksic´ et al. 2015; Meagher 2016; Amenomori et al. 2015, 2009; Bartoli et al. 2015)
The red band shown for HAWC is the ensemble of fluxes allowed at 1σ and the best fit is indicated with a dark red
line. The light red band indicates the systematic extremes of the HAWC flux.
This computation of the eﬀective area is lower than The eﬀective area computed in this work is smaller than in
(Abeysekara et al. 2012). For this analysis, developed for steady, multi-TeV sources, we employ tight angular cuts and
have a higher energy threshold than used in the initial design study. Furthermore, the re-triggering, defined by the
lower edge of B = 1, limits the eﬀective area below 1 TeV. Furthermore, many small events are excluded by demanding
that they are larger than B = 1. Excluding these events limits the eﬀective area below 1 TeV.
Figure 16 shows the computed diﬀerential sensitivity of HAWC to sources at the declination of the Crab utilizing the
procedure of (Abeysekara et al. 2013) with the analysis presented here. A point source of diﬀerential photon spectrum
E−2.63 is simulated and fitted using the full likelihood fit. The flux required to be detected at 5σ 50% of the time is
shown for each bin, B. The lines for each B are shown with a width corresponding to the width required to contain
68% of the events under the E−2.63 hypothesis. A correction is made to adjust the B separation to a quarter decade in
true energy, and the result is fitted. The sensitivity prediction from (Abeysekara et al. 2013) suﬀered from uncertain
background at the highest energies. Now, with more than a year of data, we know the background precisely and can
set the cuts appropriately. This has resulted in a more accurate (and more sensitive) analysis above 10 TeV. Below
about 1 TeV, for a number of reasons, the sensitivity is somewhat worse than predicted in the original study. The
background is larger than the original simulation-only prediction. Furthermore, in the current analysis we employ a
relatively high cut (defined by B = 1) so that improperly modeled noise can be neglected.
5.3. Anticipated Improvements
The main limitation of this analysis is the reliance on the number of PMTs, used for the definition of B, to simul-
taneously constrain the energy of photons, the angular resolution, and photon/hadron eﬃciency. Figure 2 shows that
this is a poor energy estimation with each bin B spanning roughly an order of magnitude of energy. More critically, an
overhead ∼10 TeV photon can trigger nearly every PMT in HAWC if the core lands near the center of the detector.
Consequently B = 9 is an overflow bin of everything above 10 TeV. These limitations can be removed with an event
parameter that accounts for the light level in the event and the specific geometry and inclination angle of events.
Approaches like this are under development. The planned deployment of a sparse “outrigger” array should further
increase the sensitivity to photons above 10 TeV (Sandoval 2016).
Abeysekara et al. ApJ 2017
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Large-scale structures
e.g.  Fermi Bubbles
• Large scale, non-uniform structures extending 
above and below the Galactic center.
• Edges line up with X-ray features.
• Correlate with microwave excess (WMAP haze)
• Both hadronic and leptonic model fit Fermi LAT 
data.  Leptonic model can explain both gamma 
ray and microwave excess.
NASA / DOE / Fermi LAT / D. Finkbeiner & others
Credits: NASA's Goddard Space Flight Center
c. michelle hui synergy between fermi, iacts, and hawc
Search for Very High Energy Gamma Rays from the Northern FERMI Bubble Region 9
Figure 9. HAWC upper limits together with the Fermi data and gamma-ray production models from Ackermann et al. (2014)
and Lunardini et al. (2015). See table 3 for spectral assumptions of these models.
Table 2. Charactersitics of the non-detection: upper limits
on the diﬀerential flux
Energy Range Upper Limits Sensitivity
[TeV] [GeVcm−2s−1sr−1] [GeVcm−2s−1sr−1]
1.2 - 3.9 3.0×10−7 3.3×10−7
3.9 - 12.4 1.0×10−7 1.1×10−7
12.4 - 39.1 0.5×10−7 0.5×10−7
39.1 - 123.7 0.4×10−7 0.3×10−7
showed that GeV gamma-ray spectrum cuts oﬀ around
100GeV. The cutoﬀ for the parent proton spectrum in
this case could be around 1TeV (Cheng et al. 2015).
As mentioned in Section 3.2, Fujita et al. (2013);
Yang et al. (2014); Mou et al. (2015) propose that the
size of the bubbles increases with energy. While defin-
ing the search region to be the same as the excess de-
tected at GeV energies is a more conservative approach,
it may be interesting to increase the size of the latter in
a follow-up analysis.
Increasing the sensitivity at energies <1TeV is an-
other objective for future analysis. Compared to
recent(Abeysekara et al. 2017b,a) or future (HAWC Collaboration
2017, in preparation) publications of the analysis of
HAWC data, this analysis uses only the seven high-
est event-size bins. At energies !1TeV, the large-scale
anisotropy signal (or any significant, spatially-extended
feature) causes signal contamination in the estimation
of the background because the structure takes up a
large portion of the field-of-view of HAWC, significantly
altering the all-sky rate. An iterative procedure for the
DI method will be followed as explained in Ahlers et al.
(2016) and has been shown to remove this artifact.
5. CONCLUSIONS
A search of high-energy gamma rays in the North-
ern Fermi Bubble region has been presented by us-
ing 290 days of data from the HAWC observatory.
No significant excess is found above 1.2TeV in the
search area and the 95% C.L. flux upper limits are
calculated and compared to the diﬀerential sensi-
tivity with α = 0.05 and β = 0.5. The upper
limits are between 3×10−7GeVcm−2 s−1 sr−1 and
4×10−8GeVcm−2 s−1 sr−1 . The upper limits, for
gamma-ray energies between 3.9TeV and 120TeV, dis-
favor the emission of hadronic models that try to explain
the GeV gamma-ray emission detected by the Fermi
LAT. This makes a continuation of the proton injection
above 100TeV highly unlikely (solid cyan line in Figure
9). The HAWC upper limits also disfavor a hadronic in-
jection spectrum derived from IceCube measurements.
The present result does not allow unequivocal conclu-
sions about the hadronic or leptonic origin of the Fermi
bubbles though. A future analysis of HAWC data will
include a better sensitivity, especially at lower ener-
17
Large-scale structures
e.g.  Fermi Bubbles
The Astrophysical Journal, 793:64 (34pp), 2014 September 20 Ackermann et al.
Figure 45. Left: IC and synchrotron characteristic cooling time for CR electrons, which is defined as tcool = −E/E˙. Right: the IC energy loss rate for different ISRF
fields. The solid line represents the loss rate, including the Klein–Nishina transition. Horizontal lines correspond to the Thomson approximation of the energy loss for
different densities of the ISRF fields (CMB only, CMB+IR, and CMB+IR+starlight). Vertical lines correspond to the Klein–Nishina transition energy for starlight, IR,
and CMB (left to right, respectively). The characteristic transition energies are the same as in Figure 42.
(A color version of this figure is available in the online journal.)
Figure 46. Contributions to the gamma-ray spectrum from protons at different
momenta. The overall spectrum of CR protons is derived from fitting to the
Fermi bubbles spectrum in Section 7.2.
(A color version of this figure is available in the online journal.)
spectrum dne/dE
dN
dEdΩαdV
= N (α)
4π
dne
dE
. (B10)
The power emitted from a volume element is
dW
dνdt
=
∫
dE
∫
dΩα
N (α)
4π
dne
dE
Pemitted(ν,α, E,B). (B11)
The intensity of microwave flux is derived analogously to
Equations (B4) and (B6)
dI
dν
=
∫
dE
∫
dΩα
N (α)
4π
fe(E)Pemitted(ν,α, E,B), (B12)
Figure 47. Comparison of the energy density of CRs in the leptonic and hadronic
models of the Fermi bubbles, and the energy density of an 8.4µG magnetic field.
The CR energy densities are obtained from Equations (B5) and (B16), assuming
that the distance to the center of the bubbles is 9.4 kpc.
(A color version of this figure is available in the online journal.)
where fe(E) is the same distribution of electrons as in
Equation (B5). We assume that there is no dependence on the
pitch angle (i.e., N (α) = 1).
In Figure 44 on the left we show the contribution of electrons
at different energies to the total synchrotron spectrum. The
curves are derived from Equation (B12) by only integrating over
the pitch angle α. For a given electron energy E, most of the
emitted power is concentrated around the critical frequency. In
Figure 44 on the right we show the critical frequency for a range
of magnetic fields relevant to the problem (we assume sinα = 1
on this plot). The electrons at energies between 5 and 30 GeV
contribute most of the power in the synchrotron emission at
the WMAP and Planck frequencies. From Figure 43 we find
that most of the contribution to the gamma-ray emission of the
32
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Figure 43. Left: contribution to the IC model of the Fermi bubbles from different components of the ISRF. Right: contribution to the IC model of the Fermi bubbles
from electrons of different energies.
(A color version of this figure is available in the online journal.)
Figu 44. Left: s nchrotron emission from electrons of different energies. The points correspond to the WMAP and Planck microwave haze intensities. Right:
synchrotron critical frequency as a function of electron energy for the different magnetic fields at α = 90◦. The band corresponds to the WMAP and Planck haze
frequencies (Ade et al. 2013).
(A color version of this figure is available in the online journal.)
Then
dNγ
dEγ
= c
∫
dσIC
dEγ
fe(Ee)dEe
dnph
dEph
dEph. (B6)
The best-fit electron spectrum is fe(Ee) = 3.6 × 108 ·
E−2.2e e−Ee/1.3 TeV in units of (GeV−1 cm−2 sr−1). The total en-
ergy in electrons above 1 GeV is
We = Ω4πR2
∫ ∞
1 GeV
Eefe(Ee)dEe ≈ 1.0× 1052 erg (B7)
where Ω ≈ 0.66 sr is the surface area of the bubbles (for
|b| > 10◦) and R ≈ 9.4 kpc is the distance to the center of
the bubbles at |b| = 25◦.
The contribution of different ISRF fields and the contribution
of electrons of different energies to the gamma-ray flux is
presented in Figure 43. Most of the contribution below 100 GeV
comes from the CMB, which is the most abundant source
of photons in terms of the number density. Above 100 GeV
the IC signal is dominated by starlight and IR photons. In
this calculation we assume an isotropic IC scattering cross
section. The anisotropy of the starlight and IR photon flux at
high latitudes may introduce a correction to the calculations
(Moskalenko & Strong 2000) at energies above 100 GeV where
the IR and starlight contribution is significant. The magnitude
of the change is not expected to be large, as shown in Figure 34
where we compare the full ISRF model with CMB-only IC
emission.
B.2. Microwave Haze
In this subsection, we calculate the synchrotron emission
from the same population of electrons derived in the previous
subsection. We find that this population of electrons can also
explain the WMAP and Planck microwave haze data (Finkbeiner
2004; Ade et al. 2013).
The power emitted by an electron with an energy E = γmc2
in a magnetic field B with an angle α between the electron
velocity and the magnetic field is (Blumenthal & Gould 1970)
Pemitted(ν,α, E,B) =
√
3e3B sinα
mc2
ν
νc
∫
ν/νc
dξK5/3(ξ ), (B8)
where K5/3(ξ ) is the modified Bessel function of the second
kind and νc is the critical frequency
νc = 3eBγ
2
4πmc
sinα. (B9)
The electron distribution can be expressed as a product of a
distribution related to pitch angle α, N (α), and the energy
31
Ack rmann et al. ApJ (2014)
• Hadronic model: 
• cosmic ray interacting with interstellar matter
• hard to explain microwave haze
• Leptonic model:
• electron population produced by outflow from 
Galactic center, or reaccelerated inside the 
bubble
• First limits in TeV, hard spectrum is highly unlikely.
Abeysekara et al. ApJ 2017
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Galactic Diffuse Emission
Diffuse contributions:
• Cosmic-ray interactions
• molecular clouds
• interstellar gas
• Inverse Compton
• Unresolved sources
background subtraction, an iterative procedure is adopted.
At each step, a significance map of the Galactic plane
region is computed using the ring background technique
[10] with an oversampling radius of 0.22° (suitable for
slightly extended sources). The following exclusion con-
ditions apply: Each pixel1 with a significance s above 4 σ
with at least one neighboring pixel with s > 4.5 σ is
excluded and vice versa. In order to include also tails in
the point spread function used to describe the γ-ray sources,
the obtained exclusion regions are extended by 0.2°. This
procedure is repeated until the significance distribution of
the nonexcluded pixels has a normal shape with jμj < 0.05
and w < 1.1 (μ and w being the mean and the width of the
distribution respectively). The resulting excluded regions
are visualized by the dark areas in Fig. 1. In addition, the
complete region along the Galactic plane with a latitude
range of −1.2° < b < 1.2° is excluded (visualized by the
horizontal dashed lines in Fig. 1). The choice of the latitude
range is a compromise between a desired large excluded
region in order to avoid contamination of the background
estimate on the one hand and the need for statistics and
reduction of systematics in the background measurement
on the other hand. An adaptive ring background subtraction
method has been chosen [10] to allow for optimal choices
of background regions.
A consequence of the applied background subtraction is
that the method used is rather insensitive to large-scale
emissionwithmodestvariation in latitudinal intensitybecause
such signals are subtracted along with the background.
The observed signal therefore needs to be interpreted as
excess relative to the γ-ray emission at absolute latitudes
exceeding jbj ¼ 1.2°.
D. Generation of flux maps
For the regionof−75° < l < 60° and−2° < b < 2° amap
of the differential flux normalization at 1 TeV is obtained
from the background-subtracted γ-ray excess map by divi-
sion by the integrated exposure map: ϕ ¼ nγ=
P
Ainttobs.
The exposure is summed over individual observation
positions, with integrated acceptance Aint and dead-time
corrected observation time tobs. The integrated acceptance
is obtained from simulations and requires a spectral
assumption, which is a power law with spectral index of
2.2. The result turns out to be only weakly sensitive to the
choice of spectral index (with deviations in regions off
known γ-ray sources of less than 5% when altering the
spectral index assumption to 2.7).
E. Definition of the analysis regions
In the following sections total flux distributions are
compared with those of regions that do not contain
significantly detected γ-ray sources. These regions are
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FIG. 1 (color online). (Top panel) The white regions depict the diffuse analysis region (DAR). Black are regions of significant γ-ray
emission. Horizontal dashed lines mark the region −1.2° < b < 1.2° that is excluded from background subtraction. (Middle panel) The
longitudinal profile of the Galactic plane over a latitude range of −2° < b < 2°. Shown is the differential flux at 1 TeV including sources.
H.E.S.S. TeV data, which include known sources, are indicated by black crosses. The minimal 1 TeV γ-ray emission from hadronic
interactions, estimated using HI and H2 data (traced by CO data) and a solarlike cosmic-ray spectrum (see text), is shown as a model
curve. The dashed line includes a nuclear enhancement factor of 2.1. Model curves do not comprise a reduction due to background
subtraction. (Bottom panel) The same as the middle panel, except only the DAR is considered. The distribution is strongly influenced by
the shape of the DAR (cf. top panel). Model curves correspond to the minimal hadronic γ-ray emission expected in the same region.
1The pixel size in the maps is 0.02° × 0.02°.
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122007-4
Abramowski et al. 2014
HAWC ICRC 2017
Ongoing work to model 
extended nd multiple 
sources.
The Astrophysical Journal, 750:3 (35pp), 2012 May 1 Ackermann et al.
Figure 6. Residual maps in units of standard deviation in the energy range
200 MeV–100 GeV. Shown are residuals for model SSZ4R20T150C5 (top) and
model SLZ6R20T∞C5 (bottom). The top map shows in addition a sketch of a
few identified large-scale residuals, Loop I (green), Magellanic stream (pink),
and features coincident with those identified by Su et al. (2010) and Dobler et al.
(2010) (magenta). The maps have been smoothed with a 0.◦5 hard-edge kernel.
The kernel is inclusive so that every pixel intersecting the kernel is taken into
account.
(A color version of this figure is available in the online journal.)
not show figures for all of the models considered in the
paper. A few models are chosen for display, selected to show
the range of results, emphasizing the differences between the
models. The figures for all of the models are available in the
online supplementary material. Note that the comparison models
incorporate the factors found from the fit to the γ -ray data so
directly comparing the GALPROP output using t e GALDEF
files provided in the online supplementary material will not give
identical results.
4.2.1. Residual Sky Maps
Figure 6 shows the residual sky maps in units of standard de-
viations69 for models SSZ4R20T150C5 and SLZ6R20T∞C5. All
models display large-scale residuals with similar, but not iden-
tical, features. A more physical way of comparing the models
to the data are fractional residual maps, (data−model)/data,
shown in Figure 7 for the same models. The Galactic plane
shows significant (greater than 4σ ) positive and negative struc-
ture in the inner Galaxy, but mainly positive in the outer Galaxy.
While the residuals are statistically significant, Figure 7 shows
that the fractional difference in the inner Galactic plane is less
than 10%.
All of the models considered have large positive residuals at
intermediate and high latitudes about the Galactic center, most
69 Calculated as sign(∆) ∗√2(data ∗ log(data/model)− ∆) with
∆ = data−model.
Figure 7. Fractional residual maps, (model− data)/data, in the energy range
200 MeV–100 GeV. Shown are residuals for model SSZ4R20T150C5 (top) and
model SLZ6R20T∞C5 (bottom). The maps have been smoothed with a 0.◦5
hard-edge kernel; see Figure 6.
(A color version of this figure is available in the online journal.)
notably features coincident with those described by Su et al.
(2010) and Dobler et al. (2010), and a feature that is similar to
the r dio-detected Loop I (Casandjian et al. 2009). The negative
residual of the Magellanic stream is also visible in the southern
hemisphere. It was not subtracted from the H i annular column
density maps because its contribution to the column density
was incorrectly assumed to be negligible. However, this does
not affect our model o parison because the models all include
this same extra column density. Due to the limited freedom in
our fits of the DGE to the γ -ray sky, no atte pt will be made
here to characterize these residual structures but we do note that
their shapes depend on the assumed DGE model.
Point sources are also evident in the large-scale residuals,
indicating that the poi t-source fluxes determined by the fit are
b ased in these areas. However, their PSF-like spatial extent
prevents them from affecting the DGE modeling significantly.
Only in reas with many overlapping point ources, such as in
the Galactic ridge, can they mimic the structure of the DGE.
Our tests have shown that inaccurate source modeling causes
less than 20% variations in the derived XCO factors, less than the
variation caused by the CR source distribution and gas properties
(see Section 4.3).
The track of the Sun along the ecliptic can also be seen
(particularly in the north), although it is not very prominent.
The quiet Sun is a source of high-energy γ -rays from CR
nuclei interacting in its atmosphere (Seckel et al. 1991) and
CR electrons and positrons IC scattering of the heliospheric
p oton field (Moskalenko et l. 2006a; Orlando & Strong 2007,
2008; Abdo et al. 2011). However, when aver ged over a year
the overall intensity of this component is very small, being less
12
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Joint monitoring with FACT
example: Mrk 501 in April 2015
Active Galactic Nuclei
16Nicola Galante for the VERITAS coll. SnowPAC, Salt Lake City, March 2010
Blazars and Active Galactic Nuclei
• AGN “Standard Model”: Black 
Hole and Accretion Disk Power 
Relativistic Jet
• Viewing Angle Determines 
Source Type
• Open Questions:
• Emission Mechanisms?
• Jet Structure?
• Black Hole Accretion?
• Is the TeV Emission Leptonic 
or Hadronic in origin?
• Spectral Evolution?
Active Galactic Nuclei
Image: Aurore Simonnet, Sonoma State University
Illustration: Robert Naeye, NASA GSFC
Black Hole
Torus of Neutral 
Gas and Dust
Accretion Disk
Radio Jet
“Blazar”
Viewing down the jet
“Quasar/Seyfert 1”
Viewing at an angle to 
the jet
“Radio Galaxy/Seyfert 2”
Viewing at 90o from the jet
Tuesday, June 30, 2009
AGN unified model: direction of sight 
determines the sub-class
Blazar: viewing down the jet
AGN physics:
• Jet structure
• Black Hole accretion
• Emission mechanism (leptonic, hadronic)
• Spectral evolution
• Variability (inner engine structure)
Cosmology:
• EBL characterization and evolution
Fundamental Physics:
• Lorenz invariance (fast variability)
• Most likely powered by a supermassive black 
hole surrounded by an accretion disk.
• Jets are believed to be aligned with the 
rotation poles of the black hole, with relativistic 
outflow.
Radio-Quiet              Radio-Loud
Radio
Galaxies                Blazars
small 
viewing 
angle
no 
emi
ssio
n 
line
s
BL Lac    FSRQ
emission lines
16Tuesday, August 24, 2010
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Extragalactic: Active Galactic Nuclei
HAWC transient monitoring
• rapid flare monitor: 2min — 10hr
• fast rising flux from known blazars.
• daily maps: ~6hr
• flux in every point in all visible sky.
• Majority (>1000) of 3FHL are associated with another g l xy
• ~75 TeV AGNs
• Topics:
• flares
• extragalactic background light
• intergalactic magnetic field
• HAWC consistently detects and monitor Mrk 421 and Mrk 501, 
and presented upper limits to 132 sources selected from 3FHL 
with z<0.3 [ICRC 2017].
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GRB 090510
Talk by S. Dichiara Tue, 17 Oct
Transient Search: Gamma-Ray Bursts
HAWC
• triggered GRB search: 0.2s — 300s
• external alerts, searching for temporal 
and spatial coincidence.
• blind GRB-like search: 0.2s — 10s
• search entire FOV for burst events.
• ~4 seconds online analysis latency  
➔ issue fast GRB and transients alerts.
GRB 160821B
• z=0.16
• MAGIC observed ~3σ excess >500GeV 
• exposure up to 4hr after T0.
• centroid offset from nominal GRB 
position.
- Dedicated analyses, including new Crab data under Moon.!
- ~3 sigma excess (>500 GeV) at GRB position,!
   for whole exposure, as well as 2nd half only (t~1.5-4 h).!
   Confirmed by 3 analyzers via independent analyses.!
- Some offset of hot spot from nominal GRB position,!
   but within statistical uncertainties.!
- Possible evidence of γ signal, but not firm (>5σ) detection. ! 9
see arXiv:1704.00906 for!
MAGIC performance in Moon
short GRB 160821B: MAGIC results!
MAGIC, ICRC 2017
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Galactic Origin of IceCube Neutrinos?
• PeVatrons producing pionic gamma rays up to 300 
TeV and neutrinos up to 150 TeV. 
• Stacked analysis using 2HWC sources (excluding 
PWN) estimate HAWC Galactic plane emission 
accounts for ~5% of IceCube all-sky flux.
• Template analysis using HAWC flux map of 
Galactic plane.
 [TeV]νE
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dE
 [T
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2 E
-1310
-1210
-1110
-1010
-910
-810
HAWC integral flux
4 yr IceCube discovery flux
4 yr IceCube sensitivity flux
Google Earth
11
Template Analysis
Preliminary
All fluxes are !" flux 
Basic Idea
Google Earth
3
• Looking for Galactic neutrino sources through “Pevatrons”  
which satisfy energetics to produce cosmic rays up to knee 
in the cosmic-ray spectrum  
• “Pevatrons” will produce  
pionic gamma-rays whose  
spectrum extends to ~300 TeV  
• Pionic TeV gamma-rays come  
with neutrinos up to ~150 TeV  
observable in IceCube 
• Supernova remnants  
meet this condition
IceCube/HAWC, TeVPA 2017
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LIGO Follow-up
HAWC FOV
Best candidate 
p=0.08 post-trial
Best candidate 9.98s after LIGO trigger
• post-trial p-value 0.08, consistent with background.
GCN 19156
GW151226:
• 2015 Dec 26 03:38:53.6 UTC
• z=0.09 +0.03 -0.04
• 14.2M⦿ + 7.5M⦿ ➡20.8M⦿
exposure of the rest of the localization region over the next 34
minutes.
There were no GBM on-board triggers within 12 hours of
GW151226, and no candidate counterparts found using the
blind-search pipeline within 5 days of tGW. There were also no
candidates found by lowering the threshold in a 10 minute
window around tGW. The seeded-search pipeline also found no
credible candidates in the±30 s Tseeded interval. The most
signiﬁcant ﬂuctuation identiﬁed has a FAR value of ´ -2.2 10 3
and occurred 2.0 s before GW151226. The post-trials false
alarm probability (FAP) is 20%; this event is insigniﬁcant. A
summed count rate light curve (ignoring the lowest and highest
energy standard CTIME channels) is shown in Figure 4.
We use the same method to calculate the upper bounds as for
LVT151012. The resulting upper bounds map is shown in
Figure 5. Using the EOT, we also searched for longer-lasting
emission: on timescales of 1 day before and 1 day after tGW, 1
month starting at tGW (2015 December 26–2016 January 25),
and 1 year around tGW (2015 April 28–2016 April 28—shifted
to start at tGW-242 days and end at tGW+124 days—given the
data available at the time of this analysis). No new sources
were detected on any of the searched timescales and energy
bands.
2.3. LAT
The LAT is a pair conversion telescope comprising a 4×4
array of silicon strip trackers and cesium iodi e (CsI)
calorimeters covered by a segmented anti-coincidence detector
to reject charged-particle background events. The LAT covers
the energy range from 20MeV to more than 300 GeV with a
FOV of ∼2.4 sr, observing the entire sky every two orbits (∼3
hours) by rocking north and south about the orbital plane on
alternate orbits (Atwood et al. 2009).
sGRBs at LAT energies are often slightly delayed in their
onset, have substantially longer durations and appear to come
from a different emission component with respect to their keV–
MeV signals (Ackermann et al. 2013c, Fermi-LAT Collabora-
tion 2016, in preparation). The late-time γ-ray emission has
been shown to be consistent with originating from the same
emission component as broadband (radio to X-ray) afterglows
(De Pasquale et al. 2010; Ackermann et al. 2013b; Kouveliotou
et al. 2013). This warrants the search for a high-energy γ-ray
counterpart for GW events on timescales typical of these
afterglows (few ks), longer than the prompt emission of an
sGRB. Thanks to its survey capabilities, the LAT is well suited
to look for such signals. In addition, given the great uncertainty
on the nature of EM signals from BBH mergers, we also search
the LAT data over intervals that are much longer than the
timescales associated with the afterglow emission of sGRBs,
similar to the LAT analysis performed for GW150914
(Ackermann et al. 2016).
We searched the LAT data for evidence of new transient
sources. Since we did not ﬁnd any evidence of new sources
coincident with the LIGO detections, we set ﬂux upper bound
(at 95% c.l.) on the γ-ray emission in the energy range
100MeV–1 GeV.
Our analysis is based on the standard unbinned maximum
likelihood technique used for LAT data analysis.77 We include
in our baseline likelihood model all sources (point-like and
extended) from the LAT source catalog (3FGL, Acero
et al. 2015), as well as the Galactic and isotropic diffuse
templates provided by the Fermi-LAT Collaboration (Acero
et al. 2016). We employ a likelihood-ratio test (Neyman &
Pearson 1928) to quantify whether the existence of a new
source is statistically warranted. In doing so, we form a test
statistic (TS) that is two times the logarithm of the ratio of the
likelihood evaluated at the best-ﬁt model parameters when
including a candidate point source at a given position
(alternative hypothesis), to the likelihood evaluated at the
best-ﬁt parameters under the baseline model (null hypothesis).
As is standard for LAT analysis, we choose to reject the null
hypothesis when the TS is greater than 25, roughly equivalent
to a s5 rejection criterion for a single search.
In the following, unless stated otherwise, a point in the sky is
considered observable by the LAT if it is within 65°of the LAT
boresight (or z-axis) and has an angle with respect to the local
zenith smaller than 100°. The latter requirement is used to
exclude contamination from terrestrial γ-rays produced by
interactions of cosmic rays with the Earth’s atmosphere.
We now describe brieﬂy the different searches we have
performed. First our Fixed Time Window search is used to
Figure 4. There is no evidence that the GBM detected any signiﬁcant emission
during GW151226, demonstrated by the summed count rate light curve over all
GBM detectors (NaI from ∼10 to 1000 keV, BGO from 0.4 to 40 MeV) during
the Tseeded interval: - < < +t30 30 sGW . The blue curve shows CTTE data
rebinned into 1.024 s bins, the green curve is standard CTIME data with 0.256
s bins, and the red curve is a sum of a non-parametric ﬁt of the background of
each detector and CTIME energy channel. There are no statistically signiﬁcant
ﬂuctuations within this interval.
Figure 5. The area within the GW151226 LIGO localization contour is shaded
to indicate the GBM 10–1000 keV ﬂux upper bounds during the the Tseeded
interval: - < < +t30 30 sGW . The purple shaded region indicates where the
sky was occulted by the Earth for Fermi. The Galactic plane is the gray curve,
and the Sun is indicated by the yellow disk.
77 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone
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2.3.2. LAT Observati s of GW151226
Fermi was in sky-survey mode at the time of the GW
detection of GW151226 (03:38:53.648 UTC on 2015 Decem-
ber 26, tGW in the following), rocked 50° north from the orbital
plane. The LAT was favorably oriented toward GW151226,
covering ∼32% of the LIGO localization probability at the time
of the trigger. Within ∼1ks from tGW, the LAT had observed
∼80% of the LIGO localization probability, and ∼100% within
~tGW + 8.5 ks (Figure 8). The LAT continued to observe the
entire LIGO localization region throughout sky-survey opera-
tions in the days and months afterwards.
We performed the ﬁxed time window search described in
Section 2.3 on three time intervals. The ﬁrst interval Tfixed1
covered from -t 10 sGW to +t 10 sGW . During Tfixed1 the LAT
observed ∼30% of the LIGO localization probability. The
second interval Tfixed2 covered from tGW to +t 1.2GW ks, which
corresponds to a shorter time interval when the LAT had an
appreciable fractional coverage (∼80%) of the LIGO localiza-
tion probability (see Figure 8), with 200 s added to accrue some
exposure at the ﬁnal regions to become visible to LAT. The
third interval Tfixed3 covered from tGW to +t 10GW ks, and
corresponds to the time interval during which the LAT had
100% coverage, with ∼1ks added to accrue some exposure for
the ﬁnal points to become visible to the LAT. We found no
candidate counterpart in any of the three time windows. We
then performed the upper bound computation described in
Section 2.3 for Tfixed3. The integral function of the marginalized
posterior for the 0.1–1 GeV energy ﬂux is shown in the
bottom panel of Figure 8. The 95% upper bound is
= ´ -F 3.3 10ul,95 10 erg cm−2 s−1.
The adaptive time window analysis did not lead to the
detection of any new γ-ray sources during the ﬁrst Fermi
orbit (∼96 minutes) after tGW. The results of this analysis are
shown in Figure 9. For this event, the values for the ﬂux
upper bound range from 2.6× -10 10 erg cm−2 s−1 up to
7.8× -10 9 erg cm−2 s−1. The tail of upper bounds with values
Figure 8. LAT observations of GW151226: cumulative fraction of the LIGO
localization probability observed by the LAT as a function of tim since GW
(top); integral of the marginalized posterior for the 0.1–1 GeV energy ﬂux
(bottom) during the Tfixed3 interval. The ﬂux at which the blue curve intersects a
given probability <P F x( ) corresponds to the upper bound at that credibility
level.
Figure 9. Adaptive time interval analysis for GW151226 over the ﬁrst Fermi
orbit containing tGW: ﬂux upper bound map during Tadaptive (top), the entry
time into the LAT FOV relative to tGW of the RoI for each pixel within the
LIGO localization contour (middle), and the upper bound light curves for
each RoI (bottom). The horizontal bars in h bottom panel correspond to the
values of the LAT upper bounds, and their position along the time-axis
coincides with the interval of time used in the analysis. The color of each bar
indicates the time when the RoI entered the LAT FOV, and matches the color
of the pixel in the middle panel. The horizontal histogram displays the density
of upper bounds.
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Fermi-GBM
Fermi-LAT
Courtesy Caltech/MIT/LIGO Laboratory
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Tibet AS-γ
HAWC
MAGIC
VERITAS
FACT
LHAASO site 
LHAASO
Southern Gamma-ray Observatory
HESS
CTA
Fermi
• The gamma-ray sky is currently well-monitored with good survey coverage.
• Many instruments from different waveband/messenger (X rays, gamma rays, neutrinos, 
gravitational waves) available for simultaneous observations.
• Both wide-field and pointing instruments in development and coming online in the next decade.
